Chemotherapy is popular because of its high curative effect and diversity of drugs.[@cit1] Phototherapy, including photodynamic therapy (PDT) and photothermal therapy (PTT), has attracted much attention owing to the advantages of remote controllability, target selectivity, fewer side effects, and minimal invasiveness.[@cit2]--[@cit5] Each treatment has its own advantages, and multi-modality therapy provides a synergistic effect and is thus urgently required.[@cit6],[@cit7] The design of a versatile platform and strategy to integrate multiple probes and agents according to clinical needs is critical to eliminate primary solid tumors.

Metal--organic frameworks (MOFs) are the hybrid of organic ligands and metal nodes, and their porous structure facilitates the integration of diverse species.[@cit8],[@cit9] However, the adsorption-loading strategy is often tedious and multi-drug co-loading systems are still limited. We have loaded two drugs in core--shell MOF composites, where one was loaded in the core and the other in the shell with a multi-step procedure.[@cit1] NO gas and metronidazole were co-loaded in HKUST-1, which was first activated thermally and then exposed to a dry methanol solution of metronidazole.[@cit10] The metronidazole-loaded HKUST-1 was further activated at 80 °C under vacuum before being exposed to 2 atm of NO gas for NO adsorption. MIL-88A was soaked in the solution mixture of irinotecan and floxuridine for their co-loading, but the loading capacity of irinotecan decreased obviously compared to that of irinotecan alone.[@cit11] Moreover, slow drug release leads to low drug concentration at the site of interest and thus a poor curative effect. The design of the system with high loading efficiency, a simple procedure, and fast drug release becomes essential for improving the curative effect for solid tumors.[@cit12]--[@cit14]

Recurrence and metastasis of tumors often occur after chemo- and photo-therapy ablate solid tumors effectively, because they are ineffective against metastatic cancer cells. Most patients have a low survival rate just because of cancer recurrence/metastasis risk.[@cit15] Immunotherapy activates the individual\'s immune system.[@cit16]--[@cit18] Unmethylated cytosine-phosphate-guanine (CpG) oligonucleotides, as immune adjuvants, are recognized by Toll-like receptor 9 (TLR9) of the host cells and thus induce an immune response to produce Th1 and a proinflammatory cytokine. The immune-stimulating activity of CpG makes it attractive for application in immunotherapy.[@cit19],[@cit20]

Herein, we propose a versatile one-pot strategy to integrate multiple probes and agents into one nanomedicine with burst drug release for traditional and immune combination therapy ([Scheme 1](#sch1){ref-type="fig"}). ZIF-8 is a class of MOFs with high surface area, nanoscale size, uniform pore structure, and simple preparation,[@cit21] so it is selected as a platform to load multiple drugs. CuS nanoparticles (NPs) for PTT, protoporphyrin IX (PpIX) for PDT, and doxorubicin (DOX) for chemotherapy were added to the precursors of ZIF-8 to verify the capacity of ZIF-8 to load multiple probes and agents. CuS NPs also triggered burst drug release under NIR irradiation with their high photothermal conversion efficiency. The synergistic treatment and burst drug release eliminated the solid tumor efficiently. Negative CpG was also easily wrapped on the positive surface of ZIF-8 through electrostatic interaction for immunotherapy, which inhibited the recurrence/metastasis risk obviously. A polydopamine (PDA) layer enhanced the PTT effect, acted as a platform for the growth of MnO~2~, and preserved the immune activity of CpG. KMnO~4~ was added dropwise into CuS\@ZIF-8\@PDA (CuZP, the abbreviations of all the composites are provided in ESI Table S1[†](#fn1){ref-type="fn"}). MnO~2~ nanosheets formed uniformly on the surface of the composites through the reaction between KMnO~4~ and PDA to form CuZPMn for glutathione (GSH) "turn-on" magnetic resonance (MR) imaging. Thus, immunotherapy was integrated into this ZIF-8 based nanostructure to form an "all-in-one" system with MR imaging-guided chemotherapy, PDT, and PTT to realize both anti-tumor and anti-recurrence/metastasis.

![(A) Preparation of the "all-in-one" nanocomposite. CuS nanoparticles, protoporphyrin IX, and doxorubicin were added to the precursors of ZIF-8 during its preparation to realize multi-drug co-loading, while negative CpG was adsorbed on the positive surface of ZIF-8. (B) Theranostic strategy using the nanocomposite for elimination of primary solid tumors with the synergic effect of PTT, PDT, and chemotherapy. CpG inhibited the recurrence and metastasis of tumors by the long term immune memory.](c8sc02305k-s1){#sch1}

Results and discussion
======================

Design and characterization of the multi-modality therapy system
----------------------------------------------------------------

CuS nanoparticles (NPs), protoporphyrin IX (PpIX), and doxorubicin (DOX) were co-loaded in ZIF-8 by adding the NPs and agents in the precursors of ZIF-8 during its preparation for PTT, PDT, and chemotherapy. Moreover, CuS NPs were also used to trigger burst drug release under NIR irradiation with their high photothermal conversion efficiency. Negative CpG was wrapped onto the positive surface of ZIF-8 through electrostatic interaction for immunotherapy. A polydopamine (PDA) layer enhanced the PTT effect and also acted as a platform for the growth of MnO~2~ and protection of the immune activity of CpG. KMnO~4~ was added dropwise into the CuS\@ZIF-8\@PDA solution, so MnO~2~ nanosheets formed uniformly through the reaction between KMnO~4~ and PDA. The efficiency of the designed "all-in-one" system was confirmed with its anti-tumor and anti-recurrence/metastasis application.

CuS NPs were first used as a model to validate the efficiency of the one-step loading strategy during the preparation procedure of ZIF-8. The morphology of 3 nm CuS, 100 nm CuS\@ZIF-8 (CuZ), 115 nm CuZP (polydopamine\@CuZ), and 125 nm CuZPMn (MnO~2~ nanosheet\@CuZP) is clearly illustrated in their transmission electron microscopy (TEM) images with a uniform and monodisperse nature ([Fig. 1A--D](#fig1){ref-type="fig"}). CuS NPs were well dispersed in ZIF-8 to form CuZ nanocomposites (NCs) (inset of [Fig. 1B](#fig1){ref-type="fig"}). Moreover, the morphology of ZIF-8 remained stable after the loading of CuS NPs, indicating the ability of ZIF-8 to encapsulate various species. The surface of CuZ NCs became rough after being coated with the PDA layer to yield CuZP NCs. The uniform PDA layer improved the hydrophilic nature of the composite and protected CpG from deactivation by KMnO~4~. The *ca.* 10 nm MnO~2~ layer was clearly observed in CuZPMn NCs after the redox reaction between KMnO~4~ and PDA. Dynamic light scattering results revealed that all the NCs had a relatively narrow size distribution for real applications (ESI Fig. S1A--D[†](#fn1){ref-type="fn"}).

![TEM images of (A) CuS, (B) CuZ, (C) CuZP, and (D) CuZPMn (inset: the enlarged TEM images). (E) XRD patterns and (F) TGA of (a) CuS, (b) CuZ, (c) CuZP, and (d) CuZPMn. (G) XPS spectrum of CuZPMn and (H) high-resolution Mn 2p XPS spectrum (Cu, Z, P, and Mn in CuZPMn represent CuS, ZIF-8, polydopamine, and MnO~2~, respectively. The abbreviations are also listed in ESI Table S1[†](#fn1){ref-type="fn"}).](c8sc02305k-f1){#fig1}

The peaks at 29.3°, 31.0°, 48.0°, and 59.1° in the powder X-ray diffraction (XRD) patterns were assigned to the (102), (103), (110), and (116) planes of hexagonal phase CuS (JCPDS no. 06-0464) ([Fig. 1E](#fig1){ref-type="fig"}). The peaks observed at 7.3°, 12.7°, 18.0°, and 26.7° corresponded to the (011), (112), (222), and (134) planes of crystalline ZIF-8.[@cit1] The relatively weak peaks at 36.6° and 65.6° matched well with those of α-MnO~2~ (JCPDS no. 44-0141). CuZP showed a similar XRD pattern to CuZ because of the amorphous PDA structure. All the characteristic diffraction peaks of CuS, ZIF-8, and MnO~2~ appeared simultaneously in CuZPMn NCs and confirmed the successful preparation of the NCs without altering the crystallinity of the ingredients. Thermogravimetric analysis (TGA) revealed the content of different ingredients in CuZPMn ([Fig. 1F](#fig1){ref-type="fig"}). The mass ratios of CuS, ZIF-8, PDA and MnO~2~ in CuZPMn NCs were 7.6%, 37.1%, 37.0% and 18.4%, respectively, calculated from the 9.7% weight loss for CuS, 53.9% for CuZ, 74.7% for CuZP, and 61.1% for CuZPMn. The TGA result was consistent with the ICP-AES one listed in ESI Table S2.[†](#fn1){ref-type="fn"} All the elements, including Cu, Zn, Mn, C, N, O and S, were observed in the X-ray photoelectron spectroscopy (XPS) full spectrum of CuZPMn ([Fig. 1G](#fig1){ref-type="fig"}). The two peaks centered at 642.5 and 654.0 eV were assigned to Mn 2p3/2 and Mn 2p1/2 for MnO~2~ ([Fig. 1H](#fig1){ref-type="fig"}).

N~2~ adsorption--desorption isotherms were recorded to investigate the surface areas and pore size distributions of CuZ and CuZP NCs (ESI Fig. S2A and B[†](#fn1){ref-type="fn"}). Compared with ZIF-8, the surface area and pore volume of CuZ decreased from 0.49 cm^3^ g^--1^ and 1560.0 m^2^ g^--1^ to 0.23 cm^3^ g^--1^ and 1153.4 m^2^ g^--1^ because of the introduction of non-porous CuS NPs in ZIF-8. The surface area and pore volume of CuZP further decreased to 0.11 cm^3^ g^--1^ and 274.5 m^2^ g^--1^ after being coated with the PDA layer. The pyknotic PDA layer may serve as a platform for MnO~2~ growth and a gatekeeper to prevent drug leakage before arriving at cancer sites.

The solvent-stability of CuZPMn NCs, as a key criterion for their practicability, was investigated by soaking them in distilled water, phosphate-buffered saline (PBS), and 10% fetal bovine serum (FBS) over 7 days. As shown in ESI Fig. S3,[†](#fn1){ref-type="fn"} no macroscopic aggregate or precipitate was observed, and the sizes of CuZPMn NCs in different solvents remained unchanged after storing them for 7 days. The high stability of CuZPMn NCs suggests their significant potential for *in vitro* and *in vivo* therapeutic applications.

*In vitro* drug loading and NIR-triggered release properties
------------------------------------------------------------

PpIX, DOX, and CpG were further selected as models to evaluate the multi-drug loading capacity of CuZPMn NCs. A simple one-pot strategy was used to integrate CuS NPs, PpIX, and DOX into the internal part of ZIF-8 during its preparation. CpG was wrapped on the surface of ZIF-8 through electrostatic interaction. The zeta potentials of the products at each step were recorded to verify the successful preparation of different NCs. The zeta potential of CuZ\@PpIX/DOX decreased dramatically after loading CpG, indicating that negative CpG was already attached onto the surface of ZIF-8 (ESI Fig. S4[†](#fn1){ref-type="fn"}). The drug-loading efficiencies were calculated to be approximately 94% for PpIX, 92% for DOX, and 98% for CpG based on a UV-Vis spectrum method (ESI Fig. S5 and S6[†](#fn1){ref-type="fn"}). The drug-loading capacity of DOX was about 20% (ESI Fig. S6[†](#fn1){ref-type="fn"}), which was higher than that of many other drug delivery systems.[@cit22]--[@cit24] The high multi-drug loading efficiency was achieved with the excellent encapsulation capacity of ZIF-8, strong π--π stacking, hydrogen bond, and electrostatic interaction between negatively charged DNA and positively charged ZIF-8.[@cit25],[@cit26] Moreover, the one-pot drug-loading method achieved the encapsulation of PpIX and DOX in the internal part of ZIF-8 simultaneously, facilitating multi-drug loading with high capacity and a simple procedure.

DOX was used as a model to study the drug-release profile. Without NIR irradiation, as little as 2.8%, 7.6% and 23.2% of DOX were released under different pH conditions (pH 5.0, 6.5, and 7.4) after 12 h. However, 5 min of NIR laser irradiation (808 nm, 2 W cm^--2^) before each determination led to the burst release of 58.6%, 63.9% and 71.2% of DOX in 4 h, respectively ([Fig. 2A](#fig2){ref-type="fig"}). Therefore, the slow and uncontrollable drug-release of traditional drug-carriers was easily improved with the NIR-triggered switch of CuZPMn\@DOX, leading to an increase in the drug content in solid tumor sites for a high curative effect. TEM images of CuZPMn revealed the drug-release mechanism. Under acidic conditions (pH 5.0), the acid-unstable ZIF-8 core melted gradually, while the PDA and MnO~2~ shell remained stable, as revealed by the hollow and circular structure observed in [Fig. 2B](#fig2){ref-type="fig"}. The drugs were retained in the composites with PDA and MnO~2~ layers serving as a "gatekeeper". However, the edge became ambiguous and the composites degraded at pH 5.0 once NIR-stimulus irradiation was introduced ([Fig. 2C](#fig2){ref-type="fig"}). CuZPMn\@DOX disintegrated rapidly because of the local hyperthermia of the CuS NPs and PDA layer, which acted as hot-spots with their excellent photothermal conversion ability.[@cit1],[@cit27]

![(A) The release profiles of DOX from CuZPMn\@DOX at pH 7.4, 6.5 and 5.0 with and without 808 nm laser irradiation (2 W cm^--2^). TEM images of CuZPMn\@DOX at (B) pH 5.0 from 30 min to 8 h and (C) different NIR irradiation time periods from 20 to 80 min at pH 5.0.](c8sc02305k-f2){#fig2}

Photodynamic and photothermal properties
----------------------------------------

The *in vitro* photodynamic properties and photothermal performance of the nanocomposites (NCs) were tested ([Fig. 3](#fig3){ref-type="fig"}). To investigate the PDT capacity of the NCs, a solution containing 50 μg mL^--1^ CuZPMn\@PpIX NCs and 100 μM ABDA was irradiated for 60 min with a 655 nm laser at a power intensity of 0.3 W cm^--2^. The PDT ability of PpIX was well retained even when PpIX was embedded in the NCs, so light-triggered CuZPMn\@PpIX NCs were considered to be a suitable candidate for PDT ([Fig. 3A and B](#fig3){ref-type="fig"}). The reactive oxygen species (ROS) generating capability of CuZPMn, CuZP\@PpIX and CuZPMn\@PpIX under 655 nm laser irradiation was also determined at the cell level using ROS-sensitive probe 2′,7′-dichlorofluorescin diacetate (DCFH-DA) (ESI Fig. S7[†](#fn1){ref-type="fn"}). As expected, visible intracellular ROS generation was observed after the introduction of PpIX into the NCs and 655 nm laser irradiation, which also confirmed the PDT ability of the NCs. Furthermore, the light-triggered ROS generation capability of CuZPMn\@PpIX was remarkably enhanced compared with that of CuZP\@PpIX because of the production of O~2~ from endogenous H~2~O~2~ in tumors by MnO~2~.[@cit28],[@cit29] The UV-Vis-NIR spectra of CuZPMn were remarkably enhanced in a concentration-dependent manner, indicating its high light absorption capacity ([Fig. 3C](#fig3){ref-type="fig"}). The temperature increased with increasing NC concentration and irradiation time ([Fig. 3D](#fig3){ref-type="fig"}), demonstrating the potential of CuZPMn as a photothermal agent. The infrared thermal image illustrated the photothermal capacity of CuZPMn *in vitro* intuitively ([Fig. 3E](#fig3){ref-type="fig"}). For the *in vivo* PTT study, tumor-bearing mice were exposed to 808 nm laser irradiation for 10 min at 10 h post-intravenous injection of CuZPMn ([Fig. 3F](#fig3){ref-type="fig"}). The temperature of tumor sites increased rapidly to higher than 55 °C for the perfect tumor ablation. Damage to normal tissues was avoided owing to their low temperature achieved by simple control of the laser. Thus, CuZPMn was found to be an efficient photothermal agent for PTT and NIR-triggered drug release simultaneously with single NIR irradiation.

![UV absorbance spectra of 100 μM ABDA in the (A) presence and (B) absence of 50 μg mL^--1^ CuZPMn\@PpIX under irradiation at 655 nm at different time periods. (C) UV-Vis-NIR absorbance spectra of CuZPMn NPs. (D) Photothermal heating curves of CuZPMn under 808 nm laser irradiation at 2 W cm^--2^ for 10 min. (E) *In vitro* and (F) *in vivo* infrared thermal photographs of PBS and CuZPMn recorded at different time intervals when exposed to 808 nm laser irradiation.](c8sc02305k-f3){#fig3}

Study of the intracellular uptake and immune response of CuZPMn\@CpG
--------------------------------------------------------------------

CpG is easily recognized by the mammalian immune system through TLR9 in endolysosomes.[@cit30] Therefore, the internalization of CpG into antigen presenting cells is important to induce an immune response.[@cit31] Cellular uptake of CuZPMn NCs was first quantified by Mn content per cell through inductively coupled plasma mass spectrometry (ICP-MS) detection (ESI Fig. S8[†](#fn1){ref-type="fn"}). Both RAW264.7 and 4T1 cells presented high cellular uptake efficiencies (approximately 72% for RAW264.7 and 78% for 4T1) of CuZPMn NCs. The efficiency of CuZPMn\@CpG uptake by RAW264.7 cells was also recorded with confocal fluorescence imaging after CpG was labeled with red-emission Cy5. Thus, the co-localization of CpG-nano-composites was revealed by confocal fluorescence imaging of the red emission of Cy5. No apparent fluorescence was observed in cells treated with free CpG ([Fig. 4A](#fig4){ref-type="fig"}). Negative CpG may be degraded by nucleases or/and hardly ingested by RAW264.7 cells because of the electrostatic barrier of the cytoplasmic membrane.[@cit32] However, bright fluorescence was observed in the cytoplasm of RAW264.7 cells after being incubated with CuZPMn\@CpG, indicating that CuZPMn\@CpG NCs exhibited much better cellular uptake efficiency and crossed the cell membrane easily. Moreover, the fluorescence was remarkably enhanced after 808 nm irradiation, indicating that a large amount of CpG accumulated in cells owing to the improved membrane permeability after NIR irradiation.[@cit19] Thus, the well-designed CuZPMn\@CpG protected CpG from nuclease degradation and overcame the electrostatic barrier of the cell membrane, leading to a significant enhancement in the cellular uptake upon NIR irradiation.

![(A) Confocal fluorescence images of RAW264.7 cells treated with free CpG, CuZPMn\@CpG, and CuZPMn\@CpG after NIR irradiation. (B) The secretion of TNF-α from RAW264.7 cells stimulated with different treatments. (C) Cell viabilities of 4T1 cells treated with different treatments. (D) Schematic illustration for immunotherapy. RAW264.7 cell (upper) and 4T1 tumor cell (bottom) co-cultured Transwell system for mimicking the *in vivo* tumor model. RAW264.7 cells incubated with CuZPMn\@CpG were subjected to NIR for 3 min to trigger the release of CpG. (E) *In vitro* GSH-responsive T~1~-weighted MRI of CuZPMn (inset: T~1~-weighted images of CuZPMn at different Mn concentrations with and without GSH). (F) T~1~-weighted MR images of tumor-bearing mice before and after intravenous injection of CuZPMn.](c8sc02305k-f4){#fig4}

The *in vitro* immune-stimulatory activity of CuZPMn\@CpG was evaluated with the secretion of Th1-polarizing cytokines, TNF-α, from RAW264.7 cells. TNF-α, as an indicator of immune response, was tested by enzyme-linked immunosorbent assay. CuZPMn\@CpG induced the production of TNF-α significantly compared to free CpG ([Fig. 4B](#fig4){ref-type="fig"}) because of the low nuclease degradation and high cellular uptake of CuZPMn\@CpG. Moreover, CuZPMn NCs without CpG also triggered the secretion of TNF-α to some extent by Mn^2+^ ions produced from the partial dissolution of the MnO~2~ layer.[@cit33] The amount of TNF-α secreted with NIR irradiation was approximately 2-fold higher than that without NIR irradiation. The disintegration of CuZPMn\@CpG under NIR irradiation achieved a remarkable release of CpG additionally because of the burst of the NCs. The CpG encapsulated in ZIF-8 during its preparation and that without the protection of the PDA layer were also tested for comparison to reveal the high immune activation of CpG wrapped on the ZIF-8 surface (ESI Fig. S9[†](#fn1){ref-type="fn"}).

Synergic therapy and *in vitro* cytotoxicity assay
--------------------------------------------------

Cytotoxicity was used to confirm the *in vitro* synergic therapeutic efficiency of different composites by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using 4T1 cells as a model ([Fig. 4C](#fig4){ref-type="fig"}). The survival rate of 4T1 cells treated with CuZPMn was greater than 90% even at 200 μg mL^--1^. Such high biosafety was reported owing to the low toxicity of the precursors of the composites. After loading of PpIX and CpG, the composites still showed low cytotoxicity. Thus, CpG alone can\'t induce the apoptosis of 4T1 cells without invoking the antigen presenting cells, and PpIX is biocompatible (ESI Fig. S10A[†](#fn1){ref-type="fn"}). In contrast, the groups treated with PDT, PTT, and chemotherapy exhibited significant cell death in a concentration-dependent manner. The highest cytotoxicity was observed for the synergic therapy of PDT--PTT--chemotherapy--immunotherapy with cell viability less than 2% at the 200 μg mL^--1^ level ([Fig. 4C](#fig4){ref-type="fig"}).

To reveal the therapeutic mechanism and effect of immunotherapy, an upper-and-lower-chamber Transwell system was used for RAW264.7-4T1 cells co-cultured to mimic the *in vivo* tumor microenvironment ([Fig. 4D](#fig4){ref-type="fig"}). The upper chamber of RAW264.7 cells incubated with CuZPMn\@CpG was subjected to 808 nm irradiation for 3 min to trigger the release of CpG to achieve the immunotherapy. 3 min NIR irradiation was perfect for the collapse of the NCs, but not sufficient to induce the photothermal apoptosis of RAW264.7. After being co-cultured with RAW264.7 cells, the viability of 4T1 cells decreased from 91% to 70% at the 200 μg mL^--1^ level ([Fig. 4C](#fig4){ref-type="fig"}). Thus, the CuZPMn\@CpG invoked effectively the immune activity of RAW264.7 cells to secrete cytokine TNF-α for the apoptosis of cancer cells.[@cit32]

The chemotherapy group treated with CuZPMn\@DOX showed lower cell toxicity than that treated with free DOX (ESI Fig. S10B[†](#fn1){ref-type="fn"}), because it was difficult to release DOX without NIR irradiation. The viability of 4T1 cells was remarkably inhibited after irradiation with an 808 nm laser, far beyond the additive result achieved by the combination of chemotherapy and PTT (ESI Fig. S10C[†](#fn1){ref-type="fn"}). The additive therapeutic effect of CuZPMn\@DOX with NIR irradiation was measured by multiplying the cell mortality rate of CuZPMn\@DOX and CuZPMn + NIR. The attractive cancer cell killing ability of CuZPMn\@DOX + NIR was attributed to the synergistic effect of chemotherapy and PTT, in combination with the effective NIR-triggered DOX release. The results of cytotoxicity assay and the synergic efficiency demonstrated that the NCs were biocompatible, and the intrinsic and synergistic therapeutic properties were clearly revealed.

GSH-responsive T~1~-weighted MR imaging and biodistribution and excretion of CuZPMn NCs
---------------------------------------------------------------------------------------

Glutathione (GSH), as an endogenous antioxidant, is overexpressed in cancer cells. GSH can effectively reduce non-MR-active MnO~2~ to MR-active Mn^2+^ ions for "turn-on" T~1~-weighted MR imaging. [Fig. 4E](#fig4){ref-type="fig"} shows that CuZPMn exhibited an excellent GSH-activated "turn-on" T~1~-weighted MRI effect as the T~1~ signal was enhanced obviously compared to that without GSH (inset of [Fig. 4E](#fig4){ref-type="fig"}). The longitudinal relaxivity value (*r*~1~) was only 0.6 mM^--1^ s^--1^ and became 8.8 mM^--1^ s^--1^ in the presence of GSH, two-fold higher than that of commercial Gd-DTPA (3.7 mM^--1^ s^--1^) and free MnCl~2~ (4.3 mM^--1^ s^--1^) (ESI Fig. S11[†](#fn1){ref-type="fn"}).[@cit34] The released Mn^2+^ ions chelated with hydrophilic PDA and altered the ^1^H relaxivity of water with increasing rotational correlation time for MR signal enhancement.[@cit35] After injecting CuZPMn into a tumor-bearing mouse intravenously, the tumor site was brightened and became the brightest at 10 h post-injection due to effective reduction of MnO~2~ by GSH under the tumor microenvironment ([Fig. 4F](#fig4){ref-type="fig"}). Thus, CuZPMn is promising for GSH-activated "turn-on" MRI guided multi-modality therapy with high sensitivity.

The biodistribution of CuZPMn *in vivo* was studied by analyzing the Mn content in the tissues at different time points post injection (ESI Fig. S12[†](#fn1){ref-type="fn"}). At 10 h post injection, the Mn content in tumors reached a maximum of 12.1%, indicating the high accumulation of the NCs at tumor sites owing to the EPR effect; the outcome is beneficial for anticancer applications.[@cit36] The high accumulation of CuZPMn in the liver and spleen was observed because of the strong phagocytosis in the reticuloendothelial system.[@cit37] Furthermore, a high content of Mn was also detected in feces of mice after the injection of CuZPMn, demonstrating the excretion of CuZPMn (ESI Fig. S13[†](#fn1){ref-type="fn"}).

*In vivo* antitumor efficiency
------------------------------

The *in vivo* antitumor efficiency of CuZPMn\@PpIX/DOX/CpG was tested with a clinically relevant therapeutic setting with 4T1 tumor-bearing mice as models. Treatments for all groups were repeated every 3 days over 18 days, including intravenous injection, PDT and PTT irradiation. Tumor sizes were monitored ([Fig. 5A and B](#fig5){ref-type="fig"}). Tumor growth was remarkably inhibited in the CuZPMn\@PpIX treated group with 655 nm excitation for PDT, the CuZPMn\@DOX treated group for chemotherapy, and the CuZPMn treated group with 808 nm excitation for PTT. Either PDT, chemotherapy, or PTT itself exhibited an inhibitory effect on tumor growth. However, immunotherapy alone cannot inhibit the tumor, similar to previous results which indicated that immunotherapy was invalid for large solid tumors.[@cit38] PDT--chemotherapy--PTT and PDT--chemotherapy--PTT--immunotherapy presented superior therapeutic efficiency. The tumors were totally eliminated owing to their synergistic effect. Moreover, the body weights of all groups remained normal without any noticeable decrease ([Fig. 5C](#fig5){ref-type="fig"}). No appreciable sign of organ damage or inflammatory lesions was observed after different treatments, as revealed by the hematoxylin and eosin (H&E) staining images of the major organs (ESI Fig. S14[†](#fn1){ref-type="fn"}).

![(A) Tumor size and (B) photographs of excised tumors after different treatments with PBS as a negative control and CuZPMn as a positive control. (C) Body weight trend of the mice after different treatments.](c8sc02305k-f5){#fig5}

*In vivo* anti-recurrence and anti-lung metastasis efficacy evaluation
----------------------------------------------------------------------

To investigate the immune activation ability of the nanocomposites, induced tumor recurrence and lung metastasis experiments were conducted. For the anti-recurrence efficacy study, 1 × 10^7^ 4T1 tumor cells suspended in 100 μL sterile PBS were subcutaneously injected into the left hind limb of the mice on the fifth day after finishing the treatments with PBS, PDT--chemotherapy--PTT and PDT--chemotherapy--PTT--immunotherapy, respectively ([Fig. 6A](#fig6){ref-type="fig"}). The PDT--chemotherapy--PTT group showed a slower recurrence compared with the PBS group, possibly because of the insufficient immune response from CuZPMn\@PpIX/DOX ([Fig. 6B and C](#fig6){ref-type="fig"}).[@cit16] The solid tumor of the PDT--chemotherapy--PTT treatment group was ablated completely, the same as that of the PDT--chemotherapy--PTT--immunotherapy group in the initial therapy. However, the latter was totally recurrence-free after 4T1 tumor cells were re-injected into the mice.

![(A) Schematic illustration of the anti-recurrence and anti-lung metastasis study with CuZPMn\@PpIX/DOX/CpG as the probe. (B) Volumes and (C) photographs of the tumors for induced tumor recurrence of the mice after initial treatments with PBS, PDT--chemotherapy--PTT, and PDT--chemotherapy--PTT--immunotherapy. (D) Body weights, (E) photographs of the India ink-treated lungs and (F) H&E staining of lung tissues of the mice after 4T1 tumor cells were intravenously injected into the PBS, PDT--chemotherapy--PTT and PDT--chemotherapy--PTT--immunotherapy treated groups.](c8sc02305k-f6){#fig6}

For the anti-lung metastasis model, 4T1 tumor cells (1 × 10^7^ cells) were intravenously injected into the mice on the fifth day after finishing the treatments with PBS, PDT--chemotherapy--PTT and PDT--chemotherapy--PTT--immunotherapy ([Fig. 6A](#fig6){ref-type="fig"}). Then, the body weight was monitored and that of the PBS group was found to have decreased dramatically as shown in [Fig. 6D](#fig6){ref-type="fig"}. We further photographed the lung of the mice after stained with India ink ([Fig. 6E](#fig6){ref-type="fig"}). The lungs became severely swollen and stiff and lung metastasis of cancer spots occurred heavily in the PBS-treated mice. The white tumorous nodes appeared in the PDT--chemotherapy--PTT group, suggested that PDT--chemotherapy--PTT is incapable of eradicating lung metastasis. However, no lung metastasis was observed when introducing immunotherapy to activate the immune system of the mice treated with PDT--chemotherapy--PTT--immunotherapy.[@cit39] This was further confirmed with H&E staining of the lungs ([Fig. 6F](#fig6){ref-type="fig"}). The results of anti-lung metastasis were consistent with those of the anti-recurrence study of tumors. Thus, our innovative "all-in-one" composites not only eliminated primary solid tumors with the synergic effect of PDT, PTT, and chemotherapy, but also consolidated the therapeutic effect to inhibit the recurrence and metastasis of tumors through the long-term immune response of CpG.

Conclusions
===========

In summary, we developed a versatile one-pot multi-drug loading strategy based on ZIF-8 for elimination of solid tumors and anti-recurrence/metastasis. Agents of photothermal-, photodynamic-, and chemo-therapy were well combined in the nanomedicine for their complementary advantages to achieve a synergistic treatment effect. The high photothermal conversion efficiency of CuS nanoparticles triggered burst drug release for a high curative effect. The multi-drug co-loading and NIR-triggered drug release method eliminated the problems of tedious loading, limited capacity, and slow and uncontrollable drug release. Moreover, the recurrence/metastasis of tumors was effectively inhibited by the potent immunological memory induced by CpG, which was simply adsorbed on the positive surface of ZIF-8. The "all-in-one" system provided a versatile drug loading strategy to combine multi-modality therapy according to clinical needs and holds great promise as an efficient nanomedicine for multi-modality therapy of cancer without recurrence/metastasis for clinical application.

All animal experimental protocols were approved by the Institutional Animal Care Committee of Nankai University and all methods were carried out in accordance with the relevant guidelines and regulations from the Institutional Animal Care Committee of Nankai University, China.
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